Melton DW, Lei X, Gelfond JAL, Shireman PK. Dynamic macrophage polarization-specific miRNA patterns reveal increased soluble VEGF receptor 1 by miR-125a-5p inhibition.
MACROPHAGES ARE ESSENTIAL in pathogen defense (48) , inflammatory diseases (42) , tissue repair/regeneration (45, 59, 76, 80) , metabolic disorders (8) , allergy (14) , atherosclerosis (51) , fibrosis (63) , and cancer (60) . The prevailing model of macrophages in injury and disease is based upon the concept of macrophage polarization, a plastic, agonist-dependent activation resulting in distinct phenotypes. Defined in vitro, macrophage polarization classifies the activation of mature macrophages into two divergent subsets: classically activated (M1) proinflammatory macrophages and alternatively activated (M2) anti-inflammatory macrophages, with further subdivision of M2 into three subsets M2a, M2b, and M2c. M1 macrophages are characterized by increased production of proinflammatory mediators, such as TNF-␣, IL-1, and IL-6, increased reactive NO (nitric oxide), and increased killing of phagocytized pathogens (16, 18, 52, 54) . M2a macrophages are characterized by increased arginase expression (16, 80) , growth factor production such as IGF-1 (82) , and mannose receptor expression (75) . M2b macrophages exhibit a mixture of inflammatory (TNF-␣ and IL-6) (37, 85) and anti-inflammatory (IL-10) (21) phenotypes. M2c macrophages achieve a "deactivated" phenotype marked by silencing of cytokine production (53) , and there are some reports of anti-inflammatory mediator production (17, 85) . The regulatory mechanisms responsible for these distinct phenotypes and means of manipulating polarization states could be used to treat a variety of diseases.
Molecular mechanisms regulating macrophage polarization have revealed multiple transcriptional networks (79) and distinct transcriptome signatures (46) . However, epigenetic regulation of macrophage polarization by microRNAs (miRNA or miR) is poorly understood. miRNAs are small, noncoding RNAs ϳ22 nucleotides long that regulate gene expression at the mRNA stability/translational level. miRNA regulation of macrophage polarization has been characterized as primarily feedback or fine-tuning based upon miRNA targeting mRNAs that are downstream of proinflammatory pathways (12, 58) . However, given the antagonist behavior of transcription factor families (79) and that miRNAs directly target transcription factors and negative regulators controlling major inflammatory pathways, such as miR-9 targets NF-B1, while miR-155 targets C/EBP␤ and SOCS1 (40, 71) , miRNAs may actually drive macrophage polarization. Studies of polarization-specific miRNA expression in human (9, 11, 23) and mouse (7, 50, 87) monocytes/macrophages in vitro have mostly focused on a single time point, typically many hours (Ն8 -18 h) (7, 23, 50, 87) to days (11) following perturbation with polarizing agonists. The implied assumption in these studies is that miRNA expression was perpetually altered following macrophage polarization without consideration of the dynamic temporal patterns of miRNAs during polarization. Limited reports exploring temporal patterns of miRNA in macrophage polarization have studied only a single polarizing agonist (9) or multiple agonists with a limited selection of miRNAs (50) . We have defined the temporal expression of multiple macrophage markers during polarization: cytokines, NO, etc. Dramatic changes in polarization markers were evident as early as 0.5 h following stimulation (49) . Therefore, the present study has defined miRNA polarization signatures at early time points in macrophage phenotype development.
We recently reported the divergent levels of VEGF in the culture media of M1 and M2a cultures as a novel polarization marker. Extracellular VEGF was drastically decreased from 12 to 24 h in M2a and increased by 24 h in M1 macrophage culture media. Interestingly, VEGF in the cellular lysates was present at low levels in all conditions except for an increase at 24 h in M1 macrophages, corresponding to the elevated VEGF in the M1 culture media (49) . Given the comparably low cellular VEGF, the decreased VEGF in M2a culture media was not likely due to cellular uptake, but possibly sequestration or inactivation. A potential candidate for sequestering VEGF is soluble VEGF receptor-1 (sVEGFR1) (81) . VEGFR1 is a cell membrane receptor that binds VEGF-A and placental growth factor (81) . A secreted, soluble form of VEGFR1 was identified from a truncated transcript derived primarily from alternative splicing of the full-length Vegfr1 (29) . sVEGFR1 was capable of sequestering VEGF (81) and functioned as an inhibitory, mimic receptor antagonizing the activation of the membrane forms of VEGFR1. However, sVEGFR1 can also antagonize VEGF signal transduction by forming dominant negative heterodimers with the membrane form of VEGFR1 (30) . A better understanding of the mechanisms of polarization-specific VEGF regulation could lead to macrophage-based therapies.
The goal of this study was to determine the early changes and dynamic patterns of polarization-specific miRNA expression across multiple macrophage polarization states. We hypothesized that the dynamic expression patterns of polarization-specific miRNAs will suggest regulatory roles of miRNA in macrophage polarization to guide future studies. This approach led to the identification of divergent temporal expression patterns for miR-125a-5p across polarization conditions and a regulatory role for miR-125a-5p in VEGFR1 expression in macrophages.
MATERIALS AND METHODS
Bone marrow-derived macrophage cultures. We created L929-conditioned medium by plating 4 ϫ 10 5 L929 cells (ATCC, Manassas, VA) in 50 ml of media [DMEM/F12 ϩ 10% FBS ϩ 1% penicillin-streptomycin (Life Technologies, Grand Island, NY)] in a 175 mm culture flask (Corning, Corning, NY) for 10 days. L929-conditioned media were filtered (0.22 m) and stored at Ϫ30°C. Bone marrow was harvested bilaterally from the hindlimbs of C57BL/6J 3-4 mo old male mice (Jackson Labs, Bar Harbor, ME). All procedures complied with the National Institutes of Health Animal Care and Use Guidelines and were approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio and at the South Texas Veterans Health Care Systems, San Antonio, TX. Bone marrow-derived macrophages (BMDM) were obtained by plating bone marrow at 5 ϫ 10 6 cells/plate in 10 ml of bone marrow macrophage media #1 (BMM#1: 30% L929-conditioned media ϩ DMEM/F12 ϩ 10% FBS ϩ 1% penicillin-streptomycin; Life Technologies) on 100 mm nontissue culturetreated polystyrene petri dishes (BD Bioscience, San Jose, CA); after day 3, an additional 5 ml of BMM#1 was added to each plate and incubated for an another 3 days.
Cultures for miRNA RT-quantitative PCR array. BMDM were subcultured ( Fig. 1 ) into 60 mm nontissue culture-treated polystyrene petri dishes (BD Bioscience) at 5 ϫ 10 6 cells/plate in 3 ml of bone marrow macrophage media #2 (BMM#2: 10% L929-conditioned media ϩ DMEM/F12 ϩ 10% FBS ϩ 1% penicillin-streptomycin; Life Technologies) and allowed to adhere and proliferate with a medium change every 24 h. BMDMs were stimulated with IFN-␥ (20 ng/ml, Miltenyi Biotech, San Diego, CA; prepared in PBS ϩ 1% FBS) ϩ LPS (1,000 ng/ml, Invivogen, San Diego, CA; prepared in PBS ϩ 1% FBS) for M1, IL-4 (20 ng/ml, Miltenyi Biotech; prepared in PBS ϩ 1% FBS) for M2a, or IL-10 (20 ng/ml, Miltenyi Biotech; prepared in PBS ϩ 1% FBS) for M2c, or maintained in BMM#2 as a media-only control. Cells were either cultured for 0.5, 1, 3, 6, 12, or 24 h following this media change or collected as a 0 h time point.
Collection of samples. Cell culture media (CM) were collected at the indicated time points (Fig. 1) for n ϭ 4, centrifuged (1,000 g) at 4°C for 10 min, and supernatants were aliquoted and stored at Ϫ80°C. Cells were lysed for RNA with QIAzol (Qiagen, Valencia, CA). In parallel plates, cells were collected and counted, and cellular lysates were prepared at 10 7 cells/ml in lysate buffer (69) , aliquoted, and stored at Ϫ80°C.
Cellular and CM cytokine quantification. Cytokines (TNF-␣, IL-1␣, and IL-6) in cellular protein lysates (Fig. 1 , n ϭ 4) and in CM were determined by Myriad Rules Based Medicine (Austin, TX) using microsphere-based immuno-multiplexing technology to quantify analyte concentrations. In addition, samples of BMM#2 were analyzed to detect cytokines present in the L929-conditioned media prior to contact with cells.
Supernatant NO quantification. NO in the CM (Fig. 1 , n ϭ 4) was quantified by use of Griess reagent per manufacturer's protocol (Promega, Madison, WI).
Arginase enzyme assay. Arginase activity was determined by use of a well-established assay (10) . In brief, cellular protein lysates (Fig. 1 , n ϭ 4) in the presence of 100 mM MnCl 2 (Sigma-Aldrich) were incubated at 56°C for 6 min to activate arginase. The substrate, 0.5 M arginine (Sigma-Aldrich), was added and incubated at 37°C for 2 h to allow for the enzymatic conversion of arginine to urea. An acid mixture consisting of 1:3:7 H 3PO4/H2SO4/H2O (EMD) was added to urea standards (Sigma-Aldrich) and to samples to stop the reaction. An indicator, 6% ␣-isonitrosopropiophenone (Sigma-Aldrich), was added to standards and samples and incubated at 95°C for 30 min followed by incubation at 4°C for an additional 30 min. Samples and standards were read at 540 nm on a microplate spectrophotometer. Arginase activity was calculated: [(g urea/molecular weight of urea) ϫ (dilution factor/time in minutes of arginine incubation)]. Data were reported as units of arginase activity: In all experiments culture media supernatant, whole cell protein lysates, and RNA were collected at each timepoint for each stimulating condition.
RT-qPCR Verification of Arrays ( Figure 5) miR-125a-5p Dose Response ( Figure 9 ) 24 12 6 Fig. 1 . Experimental design and timeline. All bone marrow-derived macrophage (BMDM) cultures were created similarly, subcultured, Ϯ transfected, media change with media only or media with cytokines, and collected at specified times (0, 0.5, 1, 3, 6, 12, or 24 h) after media change. Study design was separated into 3 experimental series shown by the white, black, or hashed arrows. Assays, measurements, and treatments conducted in these experiments are noted on the left with associated figures and tables included. All experiments were n ϭ 3-4 biological replicates per condition and time point.
specifically, 1 unit of arginase activity ϭ the amount of enzyme required to hydrolyze 1 M of arginine per minute.
RNA extraction. RNA was extracted using miRNeasy kit (Qiagen) per manufacturer's protocol without DNase treatment. A NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE) was used to measure RNA concentration and adjusted to 150 Ϯ 1 ng/l. The RNA purity was confirmed by an A260/A280 ratio of ϳ2. RNA quality in each sample was determined by gel electrophoresis and analysis of the 28S and 18S rRNA peaks (Agilent 2100 Bioanalyzer; Santa Clara, CA). All RNA samples used in array studies had RNA integrity numbers Ն 9.
Quantitative PCR miRNA array. A total of 300 ng of RNA per 7.5 l reaction for a selection of samples including time points (0.5, 1, 3, 24 h) for n ϭ 3/time point/polarization state ( Fig. 1) (19.7-23.1) . Results were normalized to snoRNA55 (assay ID #1228; %CV ϭ 2.5) and analyzed with the ⌬⌬Ct method as described by the manufacturer. Data were reported as Ϫ⌬⌬Ct Ϯ SE relative to the 0 h time point. Reporting adheres to MIQE (minimum information for publication of quantitative real-time PCR experiments) recommendations (6) .
BMDM cultures for miR-125a-5p manipulation. BMDM were subcultured (Fig. 1 , n ϭ 4) into 12-well nontissue culture-treated polystyrene plates (BD Bioscience) at 0.9 ϫ 10 6 cells/well in 0.5 ml of BMM#2 and allowed to adhere and proliferate with a media change every 24 h. Transfection of 20 nM of Scramble #2 Mimic (cat. #CN-0020000-01-05; GE Dharmacon, Lafayette, CO), miR-125a-5p Mimic (cat. #C-310392-07-005, GE Dharmacon), Scramble A Inhibitor (cat. #199006-001 Exiqon, Woburn, MA), or miR-125a-5p Inhibitor (cat. #4104499-001, Exiqon) was conducted with Lipofectamine RNAiMax (Life Technologies) per manufacturer forward transfection protocol in 0.5 ml of BMM#2 without antibiotics. Six hours after transfection, the media were replaced with either BMM#2 without additional cytokines (media only, MO) or BMM#2 containing IFN-␥ ϩ LPS (for M1) or IL-4 (for M2a) and incubated for 3 or 12 h. A sample of each medium (Media) was aliquoted, snap-frozen, and stored at Ϫ80°C. CM and RNA were harvested at 3 or 12 h from parallel cultures following the media change per the collection of sample protocol previously detailed.
Quantitative real-time PCR. The same RNA input, reaction volumes, and RT kit reagents used for the array miRNA RT-quantitative (q)PCR were used; except individual (not pooled) primer/probe miRNA expression assays for mmu-miR-125a-5p (assay ID #2198) and snoRNA55 (assay ID #1228) were used with TaqMan Results were normalized to Gapdh (assay ID #Mm99999915_g1; CV% Ͻ 4) and analyzed with the ⌬⌬Ct method as described by the manufacturer. Data were reported as Ϫ⌬⌬Ct relative to 0 h time point for Irf4 to better display diminished expression in the M1 condition, while Vegfr1 and Vegfa were presented as normalized and transformed values (not relative expression), 2
Ϫ⌬Ct due to the lack of twofold diminished expression relative to any appropriate control. Reporting adheres to MIQE recommendations (6) .
Enzyme-linked immunosorbent assays. CM from each culture condition and time point and media (BMM#2) were assayed for sVEGFR1 (cat. #MVR100) and VEGF (cat. #MMV00) (R&D Systems, Minneapolis, MN) per manufacturer's instructions. All samples had detectable levels of sVEGFR and VEGF.
miRNA gene target discovery. Experimentally observed and highly predicted gene targets of the miR-125a-5p/125b-5p/351-5p cluster (with seed sequence of CCCUGAG) were obtained using the miRNA target filter in Qiagen's Ingenuity Pathway Analysis (IPA, Qiagen Redwood City, http://www.qiagen.com/ingenuity) software. Target genes were further filtered based upon their membership in specific pathways reported to be regulate Vegfr1 [ERK/MAPK (13), PI3K/Akt (61), HIF-1␣ (56), IL-4 signaling (83), GM-CSF signaling (19, 83) , p38 MAPK (83, 84) , and Wnt/Ca ϩ (73, 74)] and verified in TargetScanMouse release 6.2 (38) .
Statistical analysis. miRNA array data were preprocessed to mitigate the effect of technical variation and noise related to large Ct values. For values Ct Ͼ35, outlying values were systematically removed for each (n ϭ 3) time point/stimulation combination according to a majority-rule so that if one out of three had a Ct value Ͼ35 and the other two were Ͻ35, the Ct value Ͼ35 was set to missing. Likewise, if one out of the three values were Ͻ35 and the other two were Ͼ35, the value Ͻ35 was set to missing. We applied quantile normalization to the Ct values from all arrays to minimize the effects of technical variation; the normalized Ct values were used in down-stream analyses. miRNAs that were Ն2-fold changed in only one stimulating condition (M1, M2a, or M2c) at any time point were extracted from the whole dataset for statistical analysis (48 miRNAs total).
For the filtered miRNA array dataset (48 miRNAs) we used a two-way ANOVA to identify changes due to time and stimulation factors. We tested the interaction between time and stimulation to determine whether trajectories over time were different between at least two stimulations. To identify the differences at each time point between stimulations, we performed one-way ANOVA with the stimulation factor and applied Tukey's honest significant difference (HSD) test for all pairwise comparisons between stimulations at that time point. To identify changes over time for each stimulation, we performed one-way ANOVA with time as the factor and applied Tukey's HSD for all pairwise comparisons between time points. The Benjamini-Hochberg correction was applied to compute the false discovery rate (FDR) to account for multiple hypotheses for each type of comparison. Those miRNAs that exhibited P Յ 0.05 and an FDR Յ 0.05 comprised our final dataset (12 miRNAs; Fig. 4 ). The array analysis was performed with R v3ϩ (Vienna, Austria) software.
Verification of miRNA array ( Fig. 5 ) was analyzed with a two-way ANOVA. All data were log-transformed before statistical analysis. All data that failed a Kolmogorov-Smirnov (KS) normality test were log-transformed before statistical analysis. A Dunnett's test adjustment for multiple comparisons was performed to compare result from each stimulating condition (M1, M2a, M2c) to the MO control at the corresponding time point with a two-sided significance threshold of P Յ 0.05.
All other data were analyzed with a two-way ANOVA to assess the effects of time and stimulation. Results below the level of detection were assigned a value equivalent to the square root of the lowest detectable limit (27) . All data that failed a KS normality test were log-transformed before statistical analysis. A Dunnett's test adjustment for multiple comparisons was performed to compare result from each stimulating condition (M1, M2a, M2c) to the MO control at the corresponding time point (Figs. 2, 3 , and 5) and to compare results from each relevant Scramble (Mimic or Inhibitor) to the miR-125a-5p Mimic/Inhibitor result at the same time point in each condition (MO, M1, or M2a) (Figs. 6 -8) with a two-sided significance threshold of P Յ 0.01. A Bonferroni test adjustment for multiple comparisons was performed to compare result from each Scramble to the same dose of miR-125a-5p Inhibitor result (Table 1 and Fig. 9 ) with a two-sided significance threshold of P Յ 0.01. Unless otherwise noted, all statistical analysis was performed with GraphPad Prism 6 v.6.03 (La Jolla, CA); data are presented as means Ϯ SE.
RESULTS
Temporally measured markers revealed the time course for macrophage polarization. To validate our in vitro model, we measured cytokines, enzyme activities, and gene expression induced with polarization states in classically activated M1, wound-healing M2a, and M2c macrophages (44, 52) at multiple time points following stimulation with polarizing cytokines and/or LPS. Though many studies have measured cytokines in cell CM of stimulated macrophages, we measured cytokines in both the CM and in whole cell protein lysates (Cellular) to define the earliest changes in cytokines (Fig. 2) . Established proinflammatory cytokines, TNF-␣, IL-6, and IL-1␣, rapidly increased in the cellular compartment following stimulation with IFN-␥ ϩ LPS. Cellular IL-1␣ and IL-6 increased (P Ͻ 0.001) and reached peak levels by 3 h, while TNF-␣ (P Ͻ 0.001) was maximum after only 0.5-3 h of stimulation compared with the MO controls at the same time point. Cellular miR-125a-5p REGULATES sVEGFR1 IN MACROPHAGES IL-1␣ remained elevated throughout 24 h, whereas cellular TNF-␣ and IL-6 rapidly decreased 3 h after induction of polarization. In contrast to the dynamic changes in cellular cytokines, TNF-␣ in the CM was increased (P Ͻ 0.001) and stable 3-24 h. IL-1␣ and IL-6 progressively increased in the CM. Cellular and CM levels of these cytokines were similar or only slightly increased relative to MO controls in IL-4-and IL-10-stimulated macrophages.
Arginase and iNOS are enzyme markers of IL-4-and IFN-␥ ϩ LPS-stimulated macrophages, respectively (16) , and this observation was confirmed in our macrophage culture system. Increased (P Ͻ 0.001) cellular arginase activity and NO in the CM were both evident by 6 h, further increased at 12 h, and remaining elevated through 24 h after stimulation in IL-4 and IFN-␥ ϩ LPS conditions, respectively (Fig. 3A) . Importantly, NO was not detectable in the media of control, IL-4-, or IL-10-stimulated conditions. Unexpectedly, we detected increased (P Ͻ 0.001) arginase activity in the IFN-␥ ϩ LPSstimulated macrophages at only the 24 h time point, although this activity was much lower (P Ͻ 0.001) compared with IL-4-stimulated macrophages.
Lastly, an mRNA associated with IL-4-stimulated macrophages, Irf4 (66), was temporally measured. Irf4 expression was elevated (P Յ 0.002) and was maximally expressed by 3-24 h of IL-4 stimulation (Fig. 3B) . In contrast, Irf4 was decreased (P Ͻ 0.001) by 6 -24 h in IFN-␥ ϩ LPS-stimulated macrophages. This divergent expression pattern clearly distinguished M1 and M2a polarization conditions. In contrast to the well-defined phenotypic markers of IL-4 and IFN-␥ ϩ LPS-stimulated macrophages, we did not observe expression of any M2c specific markers, consistent with previous reports that IL-10-stimulated cells resulted in a "silencing" phenotype (47, 53) .
With few exceptions (iNOS and arginase), most macrophage markers were significantly changed within 3 h of stimulation, suggesting that 3 h may represent an important time point for studying the regulation of macrophage polarization. However, the diversity of temporal patterns indicated that earlier time points (0.5-3 h) present the best window to study regulatory mechanisms in macrophage polarization, including miRNA expression.
Temporal polarization-specific miRNA levels in cytokine/ LPS-stimulated BMDMs. Given that most macrophage polarization markers increased by 3 h of stimulation, miRNA expression was examined at early (0.5, 1, and 3 h) or late (24 h) time points after stimulation. Of the 750 total miRNAs measured (Fig. 4A ), 287 were not detected in any samples and were eliminated. The remaining 463 miRNAs were detected in at least one replicate of one condition at one time point. A distribution of miRNAs with a twofold increase or decrease (relative to the 0 h time point) at any time point within each stimulating condition was used to identify polarization-specific miRNAs. Some miRNAs were uniquely upregulated (2-fold) only after IFN-␥ ϩ LPS (48 miRs), IL-4 (38 miRs), or IL-10 (20 miRs) stimulation (Fig. 4B) . Similarly, some miRNAs were uniquely downregulated (2-fold) only after IFN-␥ ϩ LPS (21 miRs), IL-4 (16 miRs), and IL-10 (16 miRs) stimulation (Fig. 4B) . Filtering based upon statistical significance culminated in the final dataset of 12 polarization-specific miRNAs (Fig. 4C) ; statistical analyses are provided in Table 1 . This approach to discover miRNAs was supported by the inclusion of many previously reported, polarization-specific miRNA in the final dataset, such as miR-155 (2, 4, 26, 57, 65, 77) , miR-147 (41), and miR-125a-5p (5, 9). miRNAs specifically upregulated by IL-4 stimulation included miR-511 and -449a, while IFN-␥ ϩ LPS induced the expression of miRs-155, -125a-3p, -147, -199a-3p, -214-3p, -455-5p, -125a-5p, -21#, -210, and -489. miRNAs associated with IL-10 stimulation were eliminated due to lack of statistical significance. Several miRNAs were divergently expressed in IL-4 vs. the IFN-␥ ϩ LPS conditions (miR-449a, -155, -125a-3p, -214-3p, -455-5p, -125a-5p, and -210). We verified a selection of these divergently expressed miRNA using a pooled single tube assay RT-qPCR (Fig. 5, A-D) . As anticipated, divergently expressed miR-511-5p (Fig. 5A) , miR-155-5p (Fig. 5B) , miR-125a-3p (Fig. 5C) , and miR-125a-5p (Fig. 5D ) demonstrated in the miRNA array were confirmed using the same RNA extracted in the miRNA array experiments in single RT-qPCR assays with additional time points included. miR-511-5p and -155-5p increased (P Յ 0.03) by 1 h of stimulation in IL-4 and IFN-␥ ϩ LPS-stimulated conditions, respectively. In particular, we became interested in miR-125a-5p as our analysis revealed a divergent polarizing trend in the -3p strand and moderately in the -5p strand (Fig. 5, C and D) . While both strands similarly increased in the magnitude of upregulation with IFN-␥ ϩ LPS stimulation, the -3p strand increased (P Ͻ 0.001) by 6 h, while the increase (P ϭ 0.003) in the -5p strand was evident at a later time point (12 h).
miR-125a-5p inhibition increased sVEGFR1 in BMDMs. Our previous studies characterized polarization-specific VEGF changes in CM of IL-4 and IFN-␥ ϩ LPS-stimulated cultures. VEGF is present in L929-conditioned media (22) and was also high in the media (BMM#2) used in all our conditions (Table  2) . Consistent with our previous study (49) , VEGF in the CM precipitously decreased (P Ͻ 0.001) compared with Media in IL-4-stimulated BMDM cultures by 12 h ( Table 2) . As previous work demonstrated low and stable cellular VEGF over time, suggesting that decreased VEGF was not secondary to cellular uptake from the CM (49), we hypothesized decreased VEGF in the CM may be due to sequestration by a soluble receptor for VEGF, sVEGFR1. This was confirmed by a large sVEGFR1 increase (P Ͻ 0.001) compared with Media in the CM of IL-4-stimulated cultures at 12 h (Table 1) . Previous work revealed increased VEGF in CM following IFN-␥ ϩ LPS stimulation and concomitant decrease in Vegfr1 expression after 24 h exposure but not at earlier time points of 3 or 12 h (49). The late pattern of increased expression (12-24 h) of miR-125a-5p immediately preceded and corresponded to increased VEGF in the IFN-␥ ϩ LPS condition, suggesting a possible mechanism. We hypothesized that inhibition of miR125a-5p would result in increased sVEGFR1 with resultant decreases in VEGF in CM.
Following transfection of miR-125a-5p mimics or inhibitors in each condition (MO, M1, or M2a), the expected changes in miR-125a-5p levels were confirmed to be over eightfold increased or decreased (P Ͻ 0.001) compared with scramble mimic or inhibitor, respectively, for each condition (Fig. 6) . Interestingly, transfection with the scramble mimic or inhibitor resulted in comparable miR-125a-5p and was remarkable similar to controls that did not receive any transfecting reagents in each stimulating condition. Thus, transfection did not alter miR-125a-5p levels. sVEGFR1 (Fig. 7 , left column) and VEGF (Fig. 7, right column) were measured in the BMM#2 prior to exposure to cells (Media), in CM of BMDMs that were never transfected (Control), or in CM of BMDMs that were transfected with scrambles or miR-125a-5p mimics or inhibitors. These experimental groups were repeated in each condition and cultured for 3 or 12 h (Fig. 7) . Regardless of stimulating condition (MO, M1, or M2a), the sVEGFR1 in the CM was elevated (P Յ 0.01) in miR-125a-5p-inhibited cultures at 3 h (Fig. 7, A, C, E) relative to the scramble inhibitor with corresponding decreases (P Ͻ 0.001) in MO and M2a in VEGF in the CM of miR-125a-5p-inhibited cultures at 3 h (Fig. 7, B  and F) . After 12 h, sVEGFR1 progressively increased (P Ͻ 0.001) with miR-125a-5p inhibition relative to scramble inhibitor in MO and M1 conditions. sVEGFR1 was dramatically elevated (P Ͻ 0.001) and VEGF drastically diminished (P Ͻ 0.001) in every experimental group in the 12 h IL-4 condition (Fig. 7, E and F) . While still highly elevated compared with MO and M1 conditions, a small decrease (P Ͻ 0.001) in sVEGFR1 ( Fig. 7E ) with miR-125a-5p inhibition in the IL-4 condition relative to the scramble inhibitor was observed with a concomitant small increase (P Ͻ 0.001) in VEGF (Fig. 7F) . Interestingly, increasing miR-125a-5p levels with the mimic did not alter sVEGFR1 or VEGF in any condition or time point. 
miR-125a-5p inhibition increased expression of Vegfr1 in BMDMs.
To determine if the increased sVEGFR1 was regulated at the transcriptional level, we measured expression of Vegfr1 (Fig. 8, left column) and Vegfa (Fig. 8 , right column) in each experimental group using RNA extracted from the same macrophage cultures used to measure sVEGFR1 and VEGF in CM (Fig. 7) . Consistent with the elevation of sVEGFR1 protein with miR-125a-5p inhibition, Vegfr1 mRNA was elevated (P Ͻ 0.001) at 3 h in all conditions (Fig. 8, A, C, E) . However, expression of Vegfr1 by 12 h, while still increased compared with scramble inhibitor (P Ͻ 0.001), was decreased in the MO conditions relative to the 3 h time point and was comparable to the scramble inhibitor in the M1 condition. In M2a macrophages, Vegfr1 remained elevated (Fig. 8E , P Յ 0.02) at 12 h. Notably, the relatively small decrease (P Ͻ 0.001) in sVEGFR1 protein observed in the M2a condition at 12 h (Fig. 7E) was not explained by decreased expression of Vegfr1 (Fig. 8E) . Unexpectedly, inhibition of miR-125a-5p increased (P Յ 0.01) expression of Vegfa in MO and M1 conditions at both 3 and 12 h (Fig. 8, B and D) , or only at 3 h (M2a, Fig. 8C , P Ͻ 0.001) compared with scramble inhibitor. Interestingly, Vegfa elevation was observed with miR-125a-5p inhibition when VEGF in the CM was significantly diminished (comparing Fig. 7 and 8, B, D, F) . Additionally, the relatively small increase (P Ͻ 0.001) in VEGF present at 12 h in the miR-125a-5p inhibited M2a condition (Fig. 7F) did not correspond to increased expression of Vegfa in the same samples (Fig. 8F) . Consistent with the protein data, convincing changes in Vegfr1 and Vegfa were not observed in miR-125a-5p mimic samples under any condition.
Dose response in sVEGFR1 and VEGF with miR-125a-5p inhibition. Given the lack of an opposing phenotype with the miR-125a-5p mimic, a possible explanation could be a nonspecific effect of the inhibitor to produce changes in sVEGFR1. Therefore, a titration of the inhibitor and scramble were conducted with the hypothesis that a dose response in the inhibitor and absence of the same response in the scramble control would provide evidence of a specific effect. Increasing doses of miR-125a-5p inhibitor progressively diminished (P Ͻ 0.001) miR-125a-5p without any effect in scramble transfected conditions (Fig. 9A) . Both culture media protein (Fig. 9 , B and C) and RNA (Fig. 9, D and E) were measured for VEGFR1 (Fig. 9, B and D) and VEGF (Fig. 9 , C and E) in cultures maintained in MO for 12 h following transfection of 5, 10, 20, or 50 nM of miR-125a-5p inhibitor/scramble or no transfection (0 nM). A clear dose response was present with progressively increased (P Ͻ 0.001) sVEGFR1 (Fig. 9A ) and decreased (P Ͻ 0.001) VEGF (Fig. 9B ) with increasing amounts of miR125a-5p inhibitor contrasting with comparable sVEGFR1 and conditions were used to achieve macrophage polarization. miRNA expression was measured at various time points after stimulation including a 0 h time point prior to stimulation. A: miRNAs that were not detected in any samples were eliminated; 463 miRNAs were analyzed. B: distribution of miRNAs that exhibited either Ն2-fold increase or decrease relative to the miRNA levels in the 0 h sample in each stimulating condition. C: average linkage heat map demonstrating the temporal expression patterns of miRNAs that exhibited significant (P Յ 0.05, FDR Յ 0.05), polarization-specific 2-fold upregulation; n ϭ 3 separate primary cultures/stimulating condition/time point.
VEGF regardless of the dose of scramble inhibitor used. Expression of Vegfr1 mirrored the dose-dependent changes in sVEGFR1 ( Fig. 9C ) with increased (P Յ 0.007) in Vegfr1 expression relative to scramble inhibitor detectable at the 10 nM dose. The increased (P Ͻ 0.001) expression of Vegfa was most readily observed at a higher dose (20 nM) than the most precipitous change of VEGF protein at the lower dose (10 nM), suggesting that increased Vegfa expression may be in response to the diminished VEGF protein levels.
Predicted gene targets of miR-125a-5p in pathways associated with Vegfr1 regulation.
To predict gene targets, the miRNA target filter in the Ingenuity Pathway Analysis software was used and revealed 985 experimentally observed and highly predicted gene targets of miR-125a-5p. Unfortunately, the regulation of Vegfr1 transcription and production of VEGFR1 and sVEGFR1 are not fully understood. However, several studies have minimally explored the effect of perturbing specific pathways upon Vegfr1 expression and VEGFR1/ sVEGFR1 production. This literature supports a regulatory role for the ERK/MAPK (13), PI3K/Akt (61), HIF-1␣ (56), IL-4 signaling (83), GM-CSF signaling (19, 83) , p38 MAPK (83, 84) , and Wnt/Ca ϩ (73, 74) pathways in Vegfr1 expression. Therefore, the 985 gene targets were further filtered to include those involved in these high-yield pathways, resulting in 32 individual genes (Table 3) , 29 of which are highly predicted targets and three that are experimentally observed (20, 39, 86) .
DISCUSSION
The sophistication of macrophage polarization and the plasticity exhibited between states suggest complex regulatory mechanisms. One potential mechanism is posttranscriptional/ translational control by miRNA. While some work has been conducted to define polarization-specific miRNAs (7, 9, 11, 23, 50, 87) , the current study has extended the understanding of miRNA regulation of macrophage polarization. Our work has revealed early temporal changes in miRNA expression in macrophages following exposure to polarizing cytokines/agonists. This approach identified miRNAs with divergent patterns across polarization states and time providing insights into the role of miRNAs in macrophage polarization. Of the identified polarization-specific miRNAs, miR-125a-5p exhibited a later temporal pattern (elevation 12-24 h in M1 condition) coincid- 
"Media" is the bone marrow macrophage media (BMM#2) used in experiments containing 10% FBS and 10% conditioned media from L929 cells (media only "MO") plus the addition of IFN-␥ ϩ LPS (M1) or IL-4 (M2a). Vascular endothelial growth factor (VEGF) and soluble vascular endothelial growth factor receptor 1 (sVEGFR1) were measured in the Media (BMM#2 with or without polarizing agonists) prior to contact with cells and in the "Culture Media" of macrophages 12 h after exposure in MO, M1, or M2a conditions. Data presented as means Ϯ SE, n ϭ 4 biologic replicates/ stimulating condition, #P Ͻ 0.001 compared with Media. miR-125a-5p REGULATES sVEGFR1 IN MACROPHAGES ing with VEGF elevations (24 h) in the CM of M1 macrophages (49). Our results suggested that macrophages, regardless of stimulating condition, increased production and secretion of sVEGFR1 with miR125a-5p inhibition with a resultant and consistent decrease in VEGF in the CM.
It was vital to define the earliest evidence of macrophage polarization to determine the optimal time points to study miRNA regulation. Phenotypic markers including cytokines, growth factors, enzyme activities, and transcription factor mRNAs were used to temporally characterize macrophage polarization. Proinflammatory cytokines TNF-␣, IL-1␣, and IL-6 were prominently elevated following IFN-␥ ϩ LPS (M1) stimulation in the cellular lysates very early (by 0.5 h) followed by secretion into the CM as early as 3 h, and possibly even earlier, indicating rapid mechanisms of activation. Secretion of another proinflammatory macrophage marker, NO, exhibited a more delayed pattern (by 6 h), suggesting macrophage polarization was temporally coordinated. As previously reported, markers of IL-4 (M2a) stimulated macrophage phenotypes occurred later relative to that of M1 stimulated macrophage phenotypes (49) , as exhibited by arginase (by 6 h) and Irf4 (plateau by 3 h). The divergent expression of the M2a-related transcription factor, Irf4, provided evidence of macrophage polarization M1 vs. M2a; down-vs. upregulation, respectively. Another M2a-related mRNA previously identified by our group was Vegfr1, whose expression reached a plateau by 3 h of stimulation that was maintained through 24 h. However, the divergent nature of this mRNA marker was not detectable in IFN-␥ ϩ LPS-stimulated macrophages until 24 h of stimulation (49) . Rapid macrophage polarization detected by early changes in polarization marker expression/production argued the need to study earlier time points (0.5-3 h) than previously used (8 h-5 days) (7, 11, 23, 87) . Additionally, autocrine/ paracrine effects of secreted agonists may dramatically alter the regulatory landscape of miRNA expression causing secondary, compensatory changes (e.g., feedback inhibition) and therefore may not reflect initial changes contributing to macrophage polarization.
The early temporal approach to miRNA expression during macrophage polarization in the current study provided patterns consistent with previous work while also revealing novel miRNAs. Consistent with previous studies, miRs-155, -125a, and -147 exhibited increased expression in IFN-␥ ϩ LPSstimulated macrophages (2-5, 7, 11, 23, 41, 50, 55, 57, 65) . With regard to temporal changes, miR-155 (23, 65), -147 (41), and -125a (5, 23) expression was consistent with the patterns identified in this study. More specifically, miR-155 was highly expressed as early as 1-3 h and remained elevated. In contrast, miR-125a-5p was most reliably elevated by 12-24 h with the -3p strand increasing earlier (6 -24 h). Interestingly, miR-155 promoted (2-4, 15, 34, 55) and miR-125a-5p inhibited proinflammatory macrophage polarization (5) . Two other miRNAs identified in the current study also have some evidence for promoting proinflammatory macrophage polarization: miR-214-3p and miR-210. Increasing expression of miR-214-3p using a mimic resulted in increased Nos2 and decreased Arg1, promoting a proinflammatory state in tumor-associated macrophages (43) . Similarly, increasing miR-210 expression resulted in decreased while decreasing miR-210 resulted in increased IL-6, TNF-␣, and Nos2 in LPS-stimulated peritoneal macrophages, suggesting a feedback inhibition mechanism (62) . Little is known about early-expressed miRs-199a-3p and -455-5p and late-expressed miRs-21# and -489 in macrophage polarization; future studies may help to reveal any functional role in proinflammatory macrophage polarization.
Two miRNAs previously reported to be increased in proinflammatory macrophage polarization, miR-125b and miR-146a (58), failed to reach our threshold of twofold expression change in IFN-␥ ϩ LPS-stimulated macrophages at any time point. However, these miRNAs have not consistently demonstrated change in inflammatory macrophages (7, 11, 50) . In fact, miR-146a was upregulated by IL-10 stimulation as well as LPS in BMDMs (50). This possibly was another reason miR- 146a was eliminated in our analysis; due to elevations in more than one stimulating condition (M1 and M2c) miR-146a therefore lacked polarization specificity. Timing of experiments (surveying miRNAs Ͼ24 h) may be responsible for differences. Finally, sex differences may be another possible reason for inconsistencies in miRNA expression across studies. Admittedly, this study focused only on male murine macrophages; future studies will explore sex-based differences.
miRNA regulation of proinflammatory macrophage polarization has been more extensively studied than in alternatively activated macrophages. Only a handful of miRNA changes has been discovered in IL-4-stimulated macrophages, such as miR-378-3p (64) and miR-511 (11, 28, 72) . In the current study, miR-511-5p and -449a were identified as Ն2-fold changed and specific to IL-4-stimulated macrophages. Recently, increased miR-511-5p expression in macrophages following IL-4 treatment was observed both in vitro and in vivo (28) . Our study revealed that miR-511-5p exhibited an early temporal expression pattern in IL-4-stimulated BMDMs (elevated 1-12 h but not 24 h) and a trend toward a decrease in IFN-␥ ϩ LPSstimulated macrophages. Therefore, miR-511-5p could be important in IL-4 macrophage polarization.
Our initial strategy for identifying miRNAs regulating polarization was to compare polarization marker production patterns with miRNA expression. Elevated expression of miR125a-5p preceded (12 h ) and coincided (24 h) with a polarization phenotype we had previously characterized (49) , the late production and secretion (24 h) of VEGF from IFN-␥ ϩ LPS-stimulated macrophages. We hypothesized that miR125a-5p regulated VEGF in the CM of M1 macrophage cul- The most obvious possible mechanism of increased sVEGFR1 in response to miR-125a-5p inhibition is the direct targeting of Vegfr1 by miR-125a-5p. The presence of a predicted binding site (7-mer) for miR-125a-5p in the Vegfr1 3=-untranslated region (TargetScanMouse 6.2) suggests that miR-125a-5p could target Vegfr1. However, the lack of diminished Vegfr1/sVEGFR1 with mimic transfection in any condi- tion supports an indirect mechanism. Given the high abundance of miR-125a-5p in all conditions and time points (range of raw Ct values of 20.2-21.4), further increasing miR-125a-5p did not result in an opposite effect, possibly due to endogenous repression of mRNA targets. By extension, this also suggests that the increase in miR-125a-5p may not be directly responsible for diminished Vegfr1 in the IFN-␥ ϩ LPS-stimulated condition as hypothesized. Additionally, the elevated endogenous expression of Vegfr1 in the IL-4-stimulated condition compared with MO (average raw Cts: 3 h, 24.0 vs. 27.5; 12 h, 21.0 vs. 28.5) with a consistently high expression of miR125a-5p does not suggest a direct targeting of Vegfr1 by miR-125a-5p. The lack of any definable phenotypic change with mimic transfection compelled us to confirm that the effects with the miR-125a-5p inhibitor were indeed specific by demonstrating a dose response in the MO condition. A dosedependent increase in sVEGFR1 and Vegfr1 with concomitant depression in VEGF with miR-125a-5p inhibition and absence of any trend in the scramble transfected cultures supported this observation as specific to miR-125a-5p.
IL-4-stimulated macrophages presented unique findings in regards to miR-125a-5p, VEGFR1, and VEGF. While miR125a-5p expression decreased late (12-24 h) in the IL-4-stimulated condition, our previous work revealed an earlier (3 h) increased expression of Vegfr1 mRNA and rapid (20-fold) drop in VEGF-A protein (49) . The increased sVEGFR1 in the CM of IL-4-stimulated macrophages was confirmed in the current study. These dynamic patterns did not suggest a direct Fig. 9 . Titration of miR-125a-5p inhibitor elevated VEGFR1 and depressed VEGF in a dose-dependent manner. Control cultures without transfection (C, 0 nM), transfected with scramble (S) or miR-125a-5p inhibitor (125) at various doses (5, 10, 20, 50 nM). Six hours after transfection the media were changed and BMDMs were maintained in media only for 12 h before culture media and RNA collection. RT-qPCR was performed using primers for mmu-miR-125a-5p and snoRNA55 (A). Raw Ct values were mmu-miR-125a-5p (20.2-31.6) and snoRNA55 (20.5-23.4) . Results were normalized to snoRNA55. ELISA assays for sVEGFR1 (B) and VEGF (C) were performed on culture media from experimental groups. RT-qPCR was performed using primers for Vegfr1 (D) and Vegfa (E) to measure gene expression in all experimental groups. Raw Ct values were Vegfr1 (24.0 -28.9), Vegfa (19.9 -21.8), and Gapdh (15.9 -17.6). Results were normalized to Gapdh and reported as normalized and transformed values (2 Ϫ⌬Ct ). Data reported as means Ϯ SE; #P Յ 0.007 compared with scramble at the same dose; n ϭ 4 biological replicates/stimulating condition/time point in all experiments. regulatory link. However, inhibiting miR-125a-5p early (3 h) did elevate sVEGFR1 and depress VEGF in a magnitude consistent with the MO and IFN-␥ ϩ LPS-stimulated conditions. Even more intriguing was the moderate depression of sVEGFR1 and elevation of VEGF in the CM of IL-4-stimulated cultures at 12 h that was not observed in either MO or IFN-␥ ϩ LPS-stimulated conditions. The expression of Vegfr1 at 12 h did not follow this observed depression in sVEGFR1 in the CM. Vegfr1 mRNA remained elevated at the 12 h time point, suggesting that the small decrease in sVEGFR1 was not due to expression changes. The primers used to quantify Vegfr1 do not discriminate between the alternatively spliced and truncated transcript that produces the soluble form and the full-length transcript. Therefore, the sustained expression of Vegfr1 may be shunted into an increased membrane form of VEGFR1 rather than the soluble form. Functionally, VEGFR1 on the cell surface and sVEGFR1 are antagonistic in nature and with regards to macrophages may reflect a polarization-specific means of regulating the biological availability and effect of extracellular VEGF. The polarizationspecific shift between these two antagonistic forms of VEGFR1 and the effects of miR-125a-5p may reveal novel regulatory processes for miRNAs in macrophage polarization.
VEGF and its receptors VEGFR1/sVEGFR1 have been implicated in multiple human diseases, such as septic shock (36), pre-eclampsia (35, 68) , cancer (31, 67) , diabetic retinopathy (25) , and tissue repair/regeneration (59) . Functionally, by virtue of its anti-VEGF capabilities (81), sVEGFR1 has been characterized as antiangiogenic (1, 32) , antiedema (33) , and anti-inflammatory (78) . Macrophages also play important roles in these pathologies and diseases (25, 35, 70) . Whether macrophage polarization contributes to disease through secretion of sVEGFR1 and/or rebalancing of VEGFR1/sVEGFR1 remains to be determined. The ubiquitous distribution of macrophages both in various tissues and in diseases in which VEGF may 
Highly predicted (#) and experimentally observed (⌿) targets (rows) of the miR-125a-5p/125b-5p/351-5p cluster (with seed sequence of CCCUGAG) that are also members of pathways (columns) associated with changes in Vegfr1 expression were obtained using the miRNA target filter in Ingenuity Pathway Analysis and verified with TargetScanMouse. Better known synonyms for each gene are included in brackets. BclII: B cell leukemia/lymphoma 2, Ccr5: chemokine (C-C motif) receptor 5, Creb1: cAMP responsive element binding protein 1, Dvl3: dishevelled segment polarity protein 3, Eif43bp1: eukaryotic translation initiation factor 4E binding protein 1, Epo: erythropoietin, Ets1: E26 avian leukemia oncogene 1, 5= domain, Gab2: growth factor receptor bound protein 2-associated protein 2, Il1rn: interleukin 1 receptor antagonist, Irf4: interferon regulatory factor 4, Mapk12: mitogen-activated protein kinase 12, Mapk14:mitogen-activated protein kinase 14, Mapkapk2: MAP kinase-activated protein kinase 2, Mcl1: myeloid cell leukemia sequence 1, Mef2d: myocyte enhancer factor 2D, Mknk2: MAP kinase-interacting serine/threonine kinase 2, Mmp11: matrix metallopeptidase 11, Pik3c2b: phosphoinositide-3-kinase, class 2, beta polypeptide, Pik3cd: phosphatidylinositol 3-kinase catalytic delta polypeptide, Pik3r5: phosphoinositide-3-kinase, regulatory subunit 5, p101, Ppp1ca: protein phosphatase 1, catalytic subunit, alpha isoform, Ppp2ca: protein phosphatase 2 (formerly 2A), catalytic subunit, alpha isoform, Ppp2r4: protein phosphatase 2A activator, regulatory subunit B, Ppp2r5c: protein phosphatase 2, regulatory subunit B', gamma, Rps5ka1: ribosomal protein S6 kinase polypeptide 1, Smo: smoothened, frizzled class receptor, Srf: serum response factor, Stat3: signal transducer and activator of transcription 3, Tnfrsf1b: tumor necrosis factor receptor superfamily, member 1b, Trp53: transformation related protein 53, Traf6: TNF receptor-associated factor 6, Vegfa: vascular endothelial growth factor A. miR-125a-5p REGULATES sVEGFR1 IN MACROPHAGES play a central role to the pathology (cancer, retinopathy, and tissue inflammation) makes macrophage-derived sVEGFR1 a potential therapeutic strategy.
Determining the targets of miR-125a-5p responsible for the changes in Vegfr1 will require more extensive exploration as the regulation of Vegfr1 and, more specifically, production of sVEGFR1 are poorly understood. Studies that have manipulated specific pathways resulting in changes in VEGFR1/ sVEGFR1 have demonstrated that multiple regulatory avenues are utilized: ERK/MAPK (13), PI3K/Akt (61), HIF-1␣ (56), IL-4 signaling (83), GM-CSF signaling (19, 83) , p38 MAPK (83, 84) , and Wnt/Ca ϩ (73, 74) pathways. Our survey of miR-125a-5p-predicted gene targets within these pathways revealed some promising candidates. Notably, Pik3c2b, Pik3cd, and Pik3r5 are all subunits of PI3K and are central in most of the probed pathways. Additionally, Mapk12 (p38␥) and Mapk14 (p38␣) are important components of the p38/ MAPK and HIF-1␣ pathways. Interestingly, many transcription factors with predicted binding sites in the Vegfr1 gene were direct targets (Creb1 and Stat3) of miR-125a-5p or regulated in pathways associated with Vegfr1 containing miR125a-5p targets such as Egr1 (24) and Hif1a (13) as determined by SABiosciences' DECODE database (65a).
In conclusion, we studied temporal miRNA regulation of macrophage polarization identifying early (by 3 h) and late (by 24 h) temporal patterns. Inhibition of a late-expressed miRNA, miR-125a-5p, in the IFN-␥ ϩ LPS-stimulated and the MO control condition resulted in increased production/secretion of sVEGFR1 with a resultant reduction in VEGF in the CM. Elevation of sVEGFR1 and reduction in VEGF in the CM had been previously characterized as a distinct IL-4 condition phenotype. Therefore, inhibition of miR-125a-5p in the MO and IFN-␥ ϩ LPS-stimulated conditions shifted this particular polarization phenotype toward an IL-4 phenotype. The capability of modulating extracellular VEGF by manipulating macrophage sVEGFR1 production is of immense therapeutic potential in many diseases.
